Photoacoustic microscopy (PAM) has the unique advantages of imaging optical absorption with 100% sensitivity and imaging the functional parameters associated with endogenous lightabsorbing biomolecules. Historically, label-free PAM has been successfully applied to in vivo imaging of hemoglobin and melanin, two major sources of endogenous optical absorption in biological tissue in the visible spectral range. Recently, additional photoacoustic contrasts have been demonstrated by exciting myoglobin 1 and bilirubin 2 with visible illumination, DNA and RNA in nuclei 3 with ultraviolet (UV) illumination, and water 4 and lipid 5 with near-infrared illumination. In fact, PAM can potentially image any molecule that has sufficient absorption at specific wavelengths.
Optical-resolution PAM has achieved submicron lateral resolution in showing subcellular structures; 6 however, few endogenous subcellular contrasts apart from DNA and RNA in cell nuclei 3 have so far been imaged by PAM. Here, we hypothesize that hemeprotein in cytoplasm can be imaged by PAM around the Soret peak (∼420 nm). Hemoglobin and myoglobin, two types of hemeprotein, exist mainly in red blood cells and muscle cells, respectively. In other cells, the most common hemeproteins are cytochromes, mainly located in mitochondria, whose main function is electron transport using the heme group. Previous spectrophotometric results have provided evidence that cytochromes are a major source of endogenous subcellular optical absorption at their absorption peaks. 7 Photothermal technologies have been utilized to image mitochondria in cells, where the absorption source has sometimes been assumed to be mainly cytochrome c, 8 but the assumption has not been verified. 9 In this study, we analyzed the absorption origins in cells by photoacoustic spectroscopy.
Label-free PAM of cytochromes in cytoplasm is expected to be a useful technique for studying live cell functions, such as how the release of cytochrome c from mitochondria regulates apoptosis. Label-free PAM avoids one concern about fluorescence microscopy that the fluorescent labeling probes may disturb the function of biomolecules and may have an insufficient density. For example, Mitotracker® labeling has been found to affect mitochondrial permeability and respiration. 10 Moreover, by imaging cytoplasm and nuclei without labeling, PAM can provide higher throughput than standard hematoxylin and eosin (H&E) histology, and even image live tissues in 3D in situ without sectioning. In this paper, by using optical illumination around the Soret peak, we applied PAM to image cytochromes in the cytoplasm of fixed cells and of histological sections.
We built a free-space PAM system for cytochrome imaging, shown in Fig. 1 . An integrated diode-pumped Q-switched laser and optical parametric oscillator system (NT242-SH, Ekspla) generated laser pulses (5 ns pulse width, 1 KHz repetition rate) with a tunable wavelength range from 210 to 2600 nm. The laser pulses were sequentially filtered by an iris (2 mm aperture), focused by a condenser lens, filtered by a 50 μm pinhole, and focused again by an objective. The objective for visible light (46 07 15, Zeiss) has a 0.60 numerical aperture (NA), and the one for UV light (LMU-20X-UVB, Thorlabs) has a 0.40 NA. The focused laser pulse generated a spatially and temporally abrupt temperature rise in the focal zone inside the sample and thereby excited photoacoustic waves. The photoacoustic waves were detected by a focused ultrasonic transducer (customized with 40 MHz central frequency, 80% bandwidth, and 0.50 NA) coupled by water, and then amplified, digitized at 1 GS∕s (PCI-5152, National Instruments), and finally recorded by a computer. The relative optical absorption at the focal point was calculated by the amplitude of the photoacoustic signals. Three-dimensional (3D) imaging was realized by two-dimensional (2D) raster scanning of the sample while converting the arrival time of each photoacoustic signal to depth. Here, since the sample thickness used in this paper was comparable to or even smaller than the axial resolution (∼40 μm, as determined by the acoustic bandwidth), we show only 2D maximum-amplitude projection images projected along the depth direction.
We used photoacoustic spectroscopy to analyze the origination of absorption around the Soret peak in fibroblasts (NIH/ 3T3, ATCC), the most common cells in the connective tissues of animals. Because both hemeproteins and other chromophores in cytoplasm absorb light, we analyzed the difference absorption spectrum between the oxidized and reduced states of cells, where the contributions from the chromophores other than hemeproteins were mostly removed. Most other chromophores do not have oxidized and reduced states like hemeproteins and should have approximately the same spectrum in the two states of cells. Here, the hemeproteins consist of mainly cytochromes, including cytochrome c, cytochrome b, and cytochrome a, a 3 (cytochrome c oxidase), whose difference molar extinction spectra are shown in Fig. 2(a) (data from Refs. 11 and 12). We measured the average photoacoustic signal amplitude (normalized by the laser pulse energy) from air-oxidized and sodium-dithionite-reduced cell lysates, 13 respectively, at multiple wavelengths around the Soret peak. The difference photoacoustic spectrum is shown in Fig. 2(b) . The photoacoustic spectrum was fitted with the spectrum of a mixture of 21 AE 12% (molar ratio, mean AE standard error) cytochrome c, 43 AE 9% cytochrome b, and 36 AE 4% cytochrome a, a 3 . The coefficient of determination (R 2 ) was 0.98. The accuracy of this result, however, is subject to the possible presence of other neglected hemeproteins (such as cytochrome p450, nitric oxide synthases, and myeloperoxidase) with similar spectra. Then the photoacoustic spectra of the oxidized and reduced cell lysates were compared with the spectra of the calculated cytochrome mixture in the oxidized and reduced states, respectively, as shown in Fig. 2(c) and 2(d) . It can be seen that the mixture of three types of cytochromes accounts for more than half of the optical absorption for the oxidized and reduced fibroblasts, respectively, at 420 nm wavelength (the absorption peak). This calculation of the contribution of the three cytochrome species may be an underestimation as it is based on the assumption that the three cytochromes are fully oxidized in air (any cytochrome partially reduced in the initial aerobic state would not contribute to the calculation of the total cytochrome content by our method). However, it is also possible that the remaining absorption in the fibroblasts originates from other sources, such as flavoproteins, nicotinamide adenine dinucleotide, or other neglected hemeproteins.
Next, we implemented label-free PAM of fixed fibroblasts. The fibroblasts were first maintained in Dulbecco's Modified Eagle® medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Then the cells were seeded onto quartz cover glasses (sterilized in 70% ethanol for 2 h and washed with phosphate-buffered saline) at a density of 2 × 10 4 cells∕cm 2 and allowed to attach and spread overnight. At last the cells were fixed in 3.7% formaldehyde for 30 min and gently washed with water. The fibroblast cytoplasms were imaged by PAM at 422 nm wavelength (where the laser provides stronger and more stable pulse energy than at 420 nm) and 200 nJ pulse energy, as shown in green in Fig. 3(a) . The fibroblast nuclei were also imaged by PAM at 250 nm wavelength, as shown in blue in Fig. 3(b) . Figure 3(c) is a superimposed image of Fig. 3(a) and 3(b) . While most cytochromes are located in mitochondria, some cytochromes and other subcellular chromophores have also been identified in extramitochondrial locations. The low contrast between the mitochondria and the other parts of the cytoplasm, along with the insufficient axial resolution of PAM, caused the entire cytoplasm to be shown without individual mitochondria being resolved. As a comparison, the cells were then stained with MitoTracker® Green FM (Invitrogen) for mitochondria and 4 0 , 6-diamidino-2-phenylindole (Invitrogen) for nuclei. The stained cells were imaged by bright-field fluorescence microscopy. The fluorescence image shown in Fig. 3(d) matches well with the PAM image shown in Fig. 3(c) . Here the mitochondria were not resolved by fluorescence microscopy either because the bright-field microscopy has insufficient axial resolution. However, individual mitochondria of many of these fibroblasts were resolved by confocal optical microscopy (not shown here) due to its finer axial resolution.
We then imaged a histological frozen section of a mouse ear by label-free PAM. The freshly excised mouse ear was frozen rapidly to −20°C, sectioned in parallel to the skin surface at 5 μm thickness, and fixed with acetone for 15 min. A dualwavelength PAM image of the mouse ear section is shown in Fig. 4(a) . The cytoplasms (imaged at 422 nm wavelength) are shown in pink, and the nuclei (imaged at 250 nm wavelength) are shown in blue. Myocytes and adipocytes can be clearly identified in the image. An optical microscopy image of the same mouse ear section with H&E staining [Fig. 4(b) ] matches well with the unstained PAM image. Therefore, PAM has the potential for label-free high-throughput histology by imaging specific substances of interest (e.g., cytochromes, DNA, RNA, lipid, hemoglobin, and melanin) at selected wavelengths.
In summary, we have realized label-free PAM of cytochromes in cytoplasm, along with other subcellular chromophores. The specificity of PAM to mitochondria can be further studied by imaging cells with specific subcellular mitochondrial locations and by comparing the contrast of concentrated mitochondria with that of residual cytoplasm. We also expect to further develop label-free PAM for real-time functional imaging of live cells. With the technical developments, highresolution functional imaging of live cells can be realized by multiwavelength PAM, such as imaging the ratio of reduced to oxidized cytochromes, which is difficult for fluorescence microscopy. 
